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Abstract: The importance of environmental heterogeneity in lotic ecosystems is well recognised in river manage-
ment, and continues to underpin studies of hierarchical patch dynamics, geomorphology and landscape ecology. We 
evaluated how physical characteristics and water chemistry measurements at high spatiotemporal resolution defi ne 
channel units of potential ecological importance along 134 km of the lower Waikato River in North Island, New 
Zealand. We used multivariate hierarchical clustering to classify river reaches in an a priori unstructured manner 
based on (i) high-frequency, along-river water quality measurements collected in four seasons and (ii) river channel 
morphology data resolved from aerial photos for 1-km long reaches. Patterns of channel character were shaped by 
the depth and lateral complexity of constituent river reaches, while water quality patterns were represented by dif-
ferences in clarity, chlorophyll fl uorescence and specifi c conductance driven by tributary infl ows in the mid-section 
of the river and tidal cycles in the lower section. Management units defi ned by physical characteristics or water 
quality did not necessarily align with boundaries typically refl ecting clinal processes (e.g. tidal infl uence) or geo-
morphic, network or anthropogenic discontinuities. The results highlight the dynamic spatial and temporal proper-
ties of large rivers and the need to defi ne clear objectives when deriving spatial units for management and research. 
Given that actions and targets for physical channel and water quality management may differ, the spatial extent 
identifi ed for each of these does not necessarily need to directly coincide, although both should be considered in 
decision making and experimental design.
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Introduction
Rivers are dynamic ecosystems, with longitudinal, lateral, 
vertical and temporal dimensions (Ward 1989), that offer 
an array of diverse habitats in time and space (Woodward 
& Hildrew 2002). Longitudinal patterns in ecosystem 
function have been identifi ed across several river types 
(Hadwen et al. 2010), supporting the view of rivers as 
continua where clinal gradients in resource availability 
regulate biological patterns (e.g. Vannote et al. 1980). In-
puts from major tributaries (Kiffney et al. 2006), as well 
as anthropogenic discharges (Varol et al. 2011) and im-
poundments (Ward & Stanford 1983), may disrupt con-
tinua and alter hydrogeomorphic, water quality and food-
web properties along the fl uvial gradient. Alternatively, 
studies in eco-geomorphology have revealed hierarchical 
patterns of physical and biological associations across a 
range of spatial scales (Parsons & Thoms 2007), leading 
to the concept of functional process zones where repeat-
ing combinations of hydrology and geology shape river-
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ine habitats and processes (Thorp et al. 2006; 2008). Un-
derstanding factors that drive longitudinal patterns in the 
physical and biological features of rivers is of interest not 
only to ecologists (Power & Dietrich 2002), but also to 
river managers seeking to implement actions that amelio-
rate human impacts. 
Rivers are amongst the most regulated and altered eco-
systems on Earth, with only 35% of large river systems 
remaining unfragmented by dams or unaffected by hydro-
logical regulation for fl ood control, hydro-electricity gen-
eration, irrigation or navigation (Nilsson et al. 2005). 
Consequently, human development has led to changes in 
river function and character, increasing hydrological ex-
tremes, changing sediment transport, and altering channel 
formation and movement (Elosegi et al. 2010). In lowland 
rivers, lateral connections with fl oodplains and other 
waterbodies play vital roles in ecosystem function (Junk 
et al. 1989), but are often disconnected by fl ood control 
schemes. Lateral habitats, such as littoral zones, side 
arms, tributary confl uences, oxbow lakes, lagoons and 
backwaters provide shelter from main channel fl ows and 
refugia for many aquatic organisms (Schiemer & Hein 
2007). In addition to current velocity and hydraulic reten-
tion, these habitats can differ from the main channel and 
each other in terms of nutrient processing rates, substrate 
composition, riparian input and shading, temperature, tur-
bidity and the degree of riverine interaction (Schiemer & 
Hein 2007; Thorp et al. 2008). The diversity, distribution, 
connectivity and scale of these lateral habitats are there-
fore important to ecological function, particularly in 
structurally complex parts of river systems (Schiemer & 
Hein 2007; Thorp et al. 2008). 
The chemical composition of water can refl ect natural 
processes related to climate and geology, but today is of-
ten strongly infl uenced by anthropogenic disturbances 
from land use change and waste water discharges, which 
can have both localised and cumulative impacts (Eyre & 
Pepperell 1999; Chang 2008). Seasonal fl ow patterns 
moderate water quality effects such that point source in-
puts dominate at base fl ows but become masked by wider 
catchment effects at high fl ows (Eyre & Pepperell 1999). 
Moreover, water quality is also a strong regulator of spa-
tial and temporal patterns in ecological function and bio-
diversity (Dolédec et al. 2011; Collier et al. 2012). 
Determining the scales at which physical and chemi-
cal patterns can be resolved into spatial units of similar 
environmental character is important for the development 
of management plans intended to enhance biodiversity 
and ecological function (Thorp et al. 2006, 2008). The 
overall aims of the study were therefore to (i) test a quan-
titative approach for objectively characterising spatial 
pattern along a longitudinal river gradient punctuated by 
physicochemical and hydrogeomorphic changes, (ii) de-
termine differences in patterns identifi ed using channel 
character or water quality features, and (iii) investigate 
the temporal fi delity of identifi ed spatial units in relation 
to seasonal patterns in water quality. We used the lower 
134 km of the Waikato River in northern New Zealand as 
a case study to demonstrate the utility of high intensity 
water quality measurements and river channel morpho-
logy data from aerial photos for resolving environmental 
patterns along large river systems.
Methods
Study area
The Waikato River is 442 km long and drains a total 
catchment area of 14,443 km2, of the North Island, New 
Zealand (Brown 2010). It is a seventh-order river with 
mean annual discharge of c. 450 m3/s at its mouth, con-
forming to defi nitions of a large river presented in the lit-
erature (Vannote et al. 1980; Nilsson et al. 2005). The 
catchment has been signifi cantly altered from its natural 
state by hydroelectric power generation and fl ood protec-
tion (Collier et al. 2010). The furthest downstream dam 
forms Lake Karapiro. This dam acts as an effective barrier 
to the natural movement of aquatic fauna upstream (Fig. 
1a), and regulates fl ow which can lead to hydro-peaking 
effects for several kilometres downstream (Fig. 1b). Our 
study was conducted downstream of this dam, on the 
lower river, where the channel is low-gradient, falling 
22 m over c. 150 km to the sea (Collier et al. 2010). Land 
use in the catchment is predominantly pastoral (74%, as 
opposed to 6% native forest), and the river system is 
highly responsive to rainfall, with large fl ood fl ows after 
heavy rain, usually in winter and spring (Brown 2010; 
Collier et al. 2010). Although unimpeded by dams, 47% 
(172 km2) of the original fl oodplain is now disconnected 
from the lower river by 242 km of stopbanks, 269 fl ood-
gates and 69 pump stations (Mulholland 2010; Speirs et 
al. 2010). The lower river is fed by several major tributar-
ies, including some derived from fl oodplain wetlands and 
lakes. The largest and most signifi cant tributary is the 
Waipa River, which joins the main stem at Ngaruawahia 
(Fig. 1a). It augments mean river fl ow by c. 25% and can 
be responsible for fl ow and fl ood pulses that occur down-
stream (Brown 2010) (Fig. 1c). River levels in the lower 
reaches also respond to tidal cycles, particularly during 
periods of lower fl uvial fl ows (Fig. 1d).
Physical complexity
Physical complexity was determined for 1-km long 
reaches using ArcGIS Version 10. River shoreline was 
digitised from recent aerial photos (Waikato Regional 
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Council, Hamilton, New Zealand), and GIS tools were 
then used to create a centreline from which perpendicular 
dividing lines could be located to delineate 1 km reaches 
(polygons). Mean river width and channel shoreline 
length (indicative of shoreline complexity) were meas-
ured directly for each 1-km polygon. The River Channel 
Complexity Ratio (RCCR) was calculated to refl ect lat-
eral complexity within the riverscape. RCCR is the ratio 
of total shoreline length of a polygon (including side arms 
and islands) to that of the main channel shoreline length 
(O’Neill & Thorp 2011). The percentage of aquatic chan-
nel area for each reach was calculated by taking the total 
polygon area minus the area of the lateral features, such as 
islands and dividing it by the total polygon area expressed 
as percentage open water. Depth in the navigable channel 
(m) was measured by an echo sounder attached to the boat 
used conduct the water quality survey, as described be-
low.
Water quality survey
Physicochemical measurements were taken during sum-
mer, autumn, winter and spring 2010. Data were collected 
using a Biofi sh underwater sensor array (ADM-Elek-
tronik, Germany) towed by boat to collect real time, high 
frequency data on water quality (McBride et al. 2008). 
Surveys were restricted to water that could be safely nav-
igated by boat (e.g. excluding rapids and sand bars), and 
therefore the upstream starting point was 7 km down-
stream of Karapiro dam at Cambridge (Fig. 1a). Surveys 
fi nished at the downstream extent of the delta islands, 
leading to a total surveyed distance of c. 137 km (144 km 
from Karapiro dam), although the last 3 km were excluded 
from analyses due to salt water intrusion. Surveys were 
completed over three consecutive days, apart from the 
spring survey when an equipment failure required spa-
tially overlapping surveys on two separate two-day sur-
veys (Cambridge to Huntly and Ngaruawahia to Hoods 
Landing; Fig. 1a).
Measurements of water clarity (per cent light transmit-
tance), chlorophyll fl uorescence (measured as relative 
fl uorescence units), water temperature (ºC) and specifi c 
conductivity (μS/cm) were taken at a depth of c. 0.5 m 
using the Biofi sh. These measurements, and bed depth, 
were linked to a GPS reference (Garmin GPSMAP 168 
Sounding). Data were automatically recorded to a compu-
ter along with longitude and latitude from a global posi-
tioning system. During each survey the Biofi sh was towed 
at a speed of 7 to 15 km/h, depending on river conditions. 
On return to the laboratory every 100th Biofi sh and echo 
sounder data point was extracted from the data fi le (i.e. 25 
second interval), and summarised in ArcGIS for each 
1-km reach using the polygon delineation method de-
scribed above. Although downstream distance between 
points depended on boat speed and direction, the number 
of points summarised in each km of river reach was in 
excess of 100. Additional measurements were taken at 
regular intervals using a conductivity-temperature-depth 
(CTD) profi ler (SBE 19 plus Seabird Electronics), fi tted 
with additional beam transmittance and fl uorescence sen-
sors. Measurements from similar depths were then used to 
calibrate and validate Biofi sh fl uorescence and transmit-
tance readings (McBride et al. 2008). 
Data analysis
Statistical analyses were undertaken using Primer 6 with 
PERMANOVA extension (Version 1.0.3). Prior to use in 
PRIMER data were normalised and converted to a Eucli-
dean distance matrix. To identify functionally similar 
river reaches along the length of the surveyed section of 
the lower river, CLUSTER analysis was undertaken using 
group average distance and a SIMPROF analysis was 
used to identify groups of river reaches with 99% similar 
structure. Groups which were separated by < 1 Euclidean 
distance unit in the CLUSTER dendrogram were deemed 
to be very closely related and were collapsed into single 
groups. A one-way SIMPER analysis was then carried out 
using these groups, to ascertain the variables responsible 
for similarities within groups and dissimilarities between 
groups (cumulatively up to 100%). The major Principal 
Components Ordination (PCO) axes which accounted for 
the most variation in the data were selected and plotted to 
visualise relationships between sites and particular varia-
bles, illustrated by vector plots constructed using Spear-
man correlation coeffi cients. PCO based on Euclidean 
distance matrices in PRIMER are equivalent to Principal 
Components Analysis (PCA) used elsewhere (Anderson 
et al. 2008). Water quality and channel characteristics 
were analysed separately. For a more direct comparison 
with channel character analyses, an ‘annual average’ for 
each 1-km reach was calculated for water quality varia-
bles from March, May, August and November surveys for 
reaches above the Waipa confl uence and March, May, Au-
gust and December surveys for reaches below. For sea-
sonal analyses of water quality patterns the two surveys 
conducted during spring 2010 were also analysed sepa-
rately due to notable changes in underlying fl ow condi-
tions during the time between surveys (approximately 
four weeks). 
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Results
Physical complexity
The surveyed section of the lower Waikato River was 
deepest above, and shallowest below the Waipa River 
confl uence at Ngaruawahia (Fig. 2a), indicative of the 
marked shift in catchment geomorphology from a section 
dominated by ignimbrite walls and steep littoral zones to 
a sandier bottom and more open river channel, especially 
downstream of Huntly (Fig. 2a). This was particularly 
evident immediately above the Whangamarino River 
confl uence and in the delta where the channel was often 
< 1 m deep and sand bars were common (Fig. 2a). Water 
depth in some tidally infl uenced reaches was greater than 
in some fl uvial reaches downstream of the Waipa River. 
Mean channel width was generally lower above the 
Waipa, notably in the most upstream part of the survey 
between Cambridge and Hamilton, where the river can be 
narrow (< 10 m) and deep (> 5 m) (Fig. 2a, b). River width 
began to increase steadily below the Waipa confl uence, 
with the widest reaches generally occurring downstream 
of the Mangatawhiri River confl uence and slightly further 
downstream in the delta section, where average channel 
width was > 1.5 km (Fig. 2b). RCCR ratios and mean 
channel shoreline length ranged from 1.00–6.36 and 
2.00–2.63, respectively, and increased markedly down-
stream of the geomorphic constriction known as the 
Fig. 2. Physical parameters summarised for each river kilometre measured from Karapiro dam. (a) Mean depth measured us-
ing a boat mounted transducer, (b) mean width, (c) River channel complexity ratio (RCCR), (d) channel shoreline per km and 
(e) percentage open water (b-e calculated using ArcGIS based on 1-km long polygons). Dashed lines represent locations of 
major tributaries to the lower Waikato River, and the approximate maximum upstream effect of tidal cycles on river levels. 
Numbers relate to locations listed in Fig. 1a.
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Taupiri Gap (location 5 in Fig. 1a) upstream of Huntly 
(Fig. 2c, d). These morphological metrics highlight the 
increase in embayments, backwaters, side arms and is-
lands, and a decreasing proportion of open water across 
the channel width (Fig. 2e), particularly in the delta 
region of the river. Interestingly, the RCCR ratio gener-
ally decreased in river reaches immediately below major 
tributary junctions.
CLUSTER and SIMPROF analyses resulted in char-
acterisation of river reaches into seven signifi cant groups 
or types of reach based on the physical variables meas-
ured for the surveyed section of the lower river. The char-
acteristics of each cluster group are summarised in Table 
1. The most common group (P2) accounted for c. 40% of 
river reaches in the surveyed river length, and was the 
dominant reach type in the fi rst 60 km of the lower river. 
The fi rst and second axes of the PCO explained 87.5% of 
the variability in the data (Fig. 3). Spearman correlation 
coeffi cients indicated that P1 and P2 reaches differed 
from the others primarily due to greater river depth (Fig. 
3). Reaches to the left of the plot (progressively from P5 
through P7) refl ect increasing river width and higher 
RCCR ratios, are shallower and wider, and have a more 
complex channel with a longer shoreline length (embay-
ments and backwaters) (Fig. 3). Cluster groups P2 and P3 
formed a closely related ‘family’ which characterised 
65% of reaches surveyed (Table 1, Fig. 4a). These two 
clusters, however, could be differentiated most strongly in 
terms of mean width and depth, with one being deeper 
(mean 4 m) and narrower (mean 90 m) and the other typi-
cally shallower (mean 2 m) and wider (mean 200 m). 
Deep (mean 7 m), narrow reaches (mean 50 m) only oc-
curred above the Waipa confl uence, mostly above Hamil-
ton City (within c. 30 km downstream of Karapiro dam), 
and formed group P1 (Fig. 4b). Groups P4 to P7 repre-
sented increasing frequency and scale of lateral features 
(e.g. RCCR and shoreline length per km) and also in-
Table 1. Mean (± 1 SD) physical river characteristics for clusters identifi ed using SIMPROF routines (see Figs. 3 & 4). Super-
scripts denote percentage contribution to group structure 1, 1–10%; 2, 11–20%; 3, 21–30% and so on.
Reach type 
(Cluster)
Description n Mean depth 
(m)
Mean width 
(m)
RCCR Shoreline per 
km
% open 
water
P1 Narrow and deep, low lateral complexity 8 6.6 (1.0)9     48.6 (11.6)1 1.0 (0.0)1 2.03 (0.02)2   99 (2)1
P2 Narrower and deeper than average, low 
lateral complexity
51 3.5 (0.7)9     92.5 (38.1)1 1.0 (0.0)1 2.01 (0.01)1 100 (1)1
P3 Average width, but shallower than 
average, low lateral complexity
33 2.2 (0.3)4   216.5 (50.1)2 1.1 (0.1)2 2.02 (0.02)3   98 (3)1
P4 Average width, shallower than average, 
islands and/or side arms present
24 2.2 (0.5)3   294.7 (48.4)1 1.8 (0.3)4 2.03 (0.02)2   79 (8)3
P5 Above average width, islands and side 
arms common
10 2.8 (0.6)3   412.8 (93.2)2 2.1 (0.2)2 2.04 (0.04)4   57 (9)3
P6 Wide, lateral features abundant 5 3.4 (0.9)2 1027.6 (404.3)6 2.7 (0.7)3 2.06 (0.04)1   33 (5)1
P7 Wide, lateral features very abundant, 
shallower than P6
3 2.6 (0.6)1 1287.3 (557.4)3 4.2 (2.0)5 2.46 (0.15)3   41 (3)1
Total 134 3.1 (1.2)   242.2 (270.7) 1.4 (0.7) 2.03 (0.1)   89 (0.2)
Fig. 3. Principal coordinates ordination of reach types identi-
fi ed using CLUSTER and SIMPROF analyses of physical 
variables. See Table 1 for summary of variables for each 
reach type.
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Fig. 4. (a) Dendrogram of relationships between reach types and (b) spatial arrangement of physical reach types along sur-
veyed section of the lower Waikato River. See Fig. 4 and Table 1 for characteristics of each reach type (P1-P7). Dotted lines 
represent locations of major tributaries to the lower Waikato River, and the approximate maximum upstream effect of tidal cy-
cles on river levels. 
creasing mean width, although mean depth did not follow 
a longitudinal pattern. 
Only two groups were present above the Waipa con-
fl uence; 8 deep and narrow river reaches belonging to 
group P1, which was unique to this section of river, and 
the remaining 40 reaches belonging to group P2, often un-
interrupted for tens of kilometres. P2 also occurred im-
mediately downstream of the Waipa confl uence, and oc-
casionally further downstream within the tidal infl uence, 
usually in narrow and deep river sections (Fig. 4b). In 
SIMPER analyses these two groups were most strongly 
characterised (> 80%) by mean river depth, with both 
groups having mean depth ≥ 3.5 m; Table 1). The analyses 
identifi ed another fi ve groups which only occurred below 
eschweizerbart_xxx
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the Waipa confl uence where the majority of river reaches 
were represented by two groups: P3 which was character-
ised by shallow river depths and low lateral complexity, 
and P4 which was also shallow but had a higher occur-
rence of lateral features (e.g. higher RCCR ratios and 
river shoreline length). Downstream of the Waipa confl u-
ence reach types tended to change more frequently, with 
fewer and shorter stretches of a single type. This variabil-
ity increased downstream of the Mangatawhiri confl uence 
(Fig. 4b), particularly below Tuakau (c.120 km down-
stream from Karapiro dam). Six different reach types oc-
curred in the most downstream 20 km surveyed. Two of 
these, P6 and P7, were only located in the tidally-infl u-
enced section of the river and represented a total of eight 
1 km-long river reaches (Fig. 4b). The majority of P5 
reach types also occurred in the tidally-infl uenced section 
of the lower river (Fig. 4b). SIMPER analyses indicated 
that these three groups were characterised by high RCCR 
ratios and mean width, with P7 also having high shoreline 
length (Table 1). When summarised at 10-km intervals, 
the fi rst 60 km of the lower river was dominated by P2 
reach types (Fig. 5). P3 reach types then appeared and 
became the most common reach type between 61–89 km, 
and also between 111–120 km from Karapiro dam. P4 
reach types were most common between 81–90 and 101–
110 km, while P3 and P4 reach types were equally com-
mon 91–100 km from Karapiro dam. In river reaches fur-
ther downstream than 121 km the number of different 
cluster types present in any 10-km interval was at least 
four and no individual type could be said to dominate 
(Fig. 5).
Water quality 
Measurements of water quality summarised using the 
same 1-km reaches as above, showed both spatial and sea-
sonal patterns. Although somewhat variable down the 
length of the surveyed stretch of river, some general pat-
terns in chlorophyll fl uorescence were discernible. Fluo-
rescence tended to decrease immediately below the Waipa 
River confl uence and steadily increase once the river 
channel became tidally infl uenced, c. 115 km from Kara-
piro dam (depending on the season) (Fig. 6). Although 
similar patterns were observed in each month, an increase 
in fl uorescence was less pronounced downstream of Mer-
cer during winter (August; Fig. 6c). Depending on season, 
smaller fl uctuations in fl uorescence were also observed 
around specifi c locations, often coinciding with tributary 
junctions, notably the Mangawara, Whangape and 
Whangamarino confl uences. Transmittance (water clar-
ity) tended to decrease with increasing distance from Ka-
rapiro dam (Fig. 6). Localised decreases were also evident 
immediately downstream of tributaries, although there 
was often recovery further downstream. The Waipa River 
confl uence was consistently associated with the largest 
changes in water clarity, most notably during high fl ows 
in winter when low transmittance persisted for the re-
mainder of the survey downstream of the confl uence (Fig. 
6c). 
Water temperature was highest in summer (March) 
and lowest in winter (Fig. 6a, c). At low fl ows water tem-
perature in the main channel generally decreased down-
stream of tributary confl uences while the opposite was 
true at high fl ows (notably the Waipa) (Fig. 6c). A local-
ised temperature increase was regularly observed down-
stream of Huntly where a thermal power station dis-
charges heated water to the river (Fig. 1a and Fig. 6). Spe-
cifi c conductivity declined immediately below the Waipa 
River confl uence, refl ecting the low-conductivity water 
from this tributary, with most notable reductions apparent 
at higher fl ows (winter and autumn). In contrast, specifi c 
conductivity generally increased downstream of other 
tributaries (e.g. Mangawara Stream and Whangamarino 
River). Specifi c conductivity increased rapidly near the 
upstream extent of saltwater intrusion during spring and 
summer, usually around 140 km from Karapiro dam, and 
Fig. 5. Channel character cluster types summarised at 10 km 
intervals from Karapiro dam.
Fig. 6. Surface water quality measurements collected using 
the Biofi sh during (a) Summer (March 2010), (b) Autumn 
(May 2010), (c) Winter (August 2010) and (d) Spring (Novem-
ber (black) / December (grey) 2010). Dashed lines represent 
locations of major tributaries to the lower Waikato River, and 
the approximate maximum upstream effect of tidal cycles on 
river levels. Numbers relate to locations listed in Fig. 1a.
eschweizerbart_xxx
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Table 2. Mean (± 1 SD) river water quality (annual) characteristics for clusters identifi ed using SIMPROF routines (see Figs 7 
& 8). Superscripts denote percentage contribution to group structure 1, 1–10%; 2, 11–20%; 3, 21–30% and so on.
Reach type 
(Cluster)
Description n Temperature 
(°C)
Specific 
conductance 
(μS/cm)
Chlorophyll 
fluorescence (relative 
fluorescence units)
Light transmittance 
(%)
W1 Relatively low specific conducti-
vity, water temperature, and light 
attenuation
37 16.62 (0.03)1 156.39 (0.65)4 12.3 (0.34)2 48.02 (2.26)5
W2 Similar to W1, with slightly 
higher water temperature, and 
light attenuation
11 16.74 (0.04)1 159.8 (0.65)4 12.29 (0.28)2 42.87 (2.11)5
W3 Lowest specific conductivity, with 
marked shift in other variables 
compared to W1 and W2, 
particularly at high flows
8 17.18 (0.05)1 148.42 (3.6)9 9.16 (0.36)1 37.35 (2.9)1
W4 Increase in reductions in W3 9 17.28 (0.04)1 154.64 (2.31)9 10.81 (0.35)1 36.53 (2.41)2
W5 Increase in water temperature 14 17.96 (0.2)5 155.16 (0.71)2 10.28 (0.67)3 34.46 (1.26)1
W6 Ongoing increase in reductions in 
W3, and dampened temperature 
increase from in W5
22 17.83 (0.11)2 155.56 (0.5)1 11.39 (0.93)6 29.13 (1.92)2
W7 Increasing fluorescence and 
reduce water clarity
18 17.78 (0.14)3 156.11 (0.72)3 13.65 (0.86)5 25.76 (1.27)1
W8 Increasing fluorescence and 
reduce water clarity
8 17.72 (0.02)1 157.39 (0.34)1 16.3 (0.77)9 27.12 (0.45)1
W9 Increasing fluorescence and 
reduce water clarity
5 17.76 (0.06)2 156.28 (0.14)1 18.63 (0.53)7 24.96 (1.13)2
W10 Increased fluorescence 1* 17.85 160.47 21.25 22.15
W11 Start of estuarine interface 1* 17.89 176.77 22.05 20.93
Total 134 17.33 (0.56) 156.01 (3.12) 12.45 (2.38) 36.18 (9.08)
for this reason, reaches from 141–143 km were not 
deemed “freshwater” and were excluded from further 
analysis (see Methods). 
CLUSTER and SIMPROF analyses of seasonal water 
quality measurements identifi ed a number of signifi cant 
water quality reach types (groups) in each sampling sea-
son. When condensed to groups diverging at > 1 Eucli-
dean distance unit, there were 11 groups with signifi cant 
internal structures using the annual average of measure-
ments (Table 2, Figs. 7 & 8), and 8 to 16 for seasonal 
measurements (12 in summer, 9 in autumn, 8 in winter 
and 16 in spring; Fig. 9, and Table 3). The fi rst and second 
axes of the PCO of annual water quality measurements 
explained 87.9% of variability in the data (Fig. 7), while 
for seasonal water quality measurements the fi rst and sec-
ond axes explained between 70 and 90% of the variation 
in each season, ranging from c. 40–80% on the fi rst axis 
Fig. 7. Principal coordinates ordination of reach types identi-
fi ed using CLUSTER and SIMPROF analyses of annual wa-
ter quality measurements. See Table 2 for summary of vari-
ables for each reach type (W1-11).
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Fig. 8. (a) Dendrogram of relationships between reach types and (b) spatial arrangement of annual water quality reach types 
along surveyed section of the lower Waikato River. See Fig. 7 and Table 2 for characteristics of each reach type (W1-W11).
and c. 10–30% on the second axis (Fig. 10). The third 
PCO axis generally explained < 10%, except in autumn 
when variation was similar to the second axis (c. 25%). 
River reaches above the Waipa confl uence (W1 and W2) 
grouped away from those below (W3 – W11) in PCO 
plots of annual measurements (Fig. 7), and in most sea-
sons (Fig. 10), usually due to decreased transmittance and 
specifi c conductivity. This clustering of points was most 
pronounced during high winter and spring fl ows, and re-
fl ected marked differences in water clarity, as suggested 
by SIMPER analyses and Spearman correlation coeffi -
cients (Table 3). Reach types immediately below the 
Waipa confl uence tended to refl ect a decrease in specifi c 
conductivity and water temperature, as water from the 
Waipa mixed with the main fl ow (Figs. 6 & 7). Except 
during winter, reach types typical of the tidally infl uenced 
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Table 3. Summary characteristics of seasonal water quality clusters identifi ed using SIMPROF routines (with a Euclidean 
distance of < 1) for Summer (SM), Autumn (AT), Winter (WT) and Spring (SP). 
Cluster n Temperature 
(°C)
Specific conductance
 (μS/cm)
Chlorophyll fluorescence 
(relative fluorescence units)
Light transmittance 
(%)
SM1 41 21.01 (0.06) 140.62 (1.17) 9.99 (0.55) 55.1 (2.45)
SM2 10 21.28 (0.12) 145.33 (1.57) 10.02 (1.22) 47.24 (1.91)
SM3 11 20.6 (0.19) 146.05 (0.84) 9.38 (0.4) 46.9 (3.06)
SM4 18 19.82 (0.1) 144.44 (1.63) 9.01 (0.43) 51.19 (2.51)
SM5 2 21.03 (0.01) 147.94 (0.05) 13.39 (0.44) 23.41 (0.15)
SM6 18 20.79 (0.12) 147.29 (0.44) 10.58 (1.05) 31.16 (1.73)
SM7 5 20.42 (0.13) 146.7 (0.5) 11.69 (1.98) 35.49 (2.1)
SM8 16 20.34 (0.07) 142.62 (0.43) 16.05 (1.35) 32.84 (2.44)
SM9 6 20.16 (0.08) 143.26 (0.22) 20.71 (1.36) 37.06 (1.61)
SM10 5 20.15 (0.06) 142.9 (0.09) 25.36 (1.3) 28.75 (3.64)
SM11 1 19.88 (0) 157.54 (0) 27.2 (0) 19.71 (0)
SM12 1 19.72 (0) 206.66 (0) 28.83 (0) 18.38 (0)
Total 134 20.62 (0.47) 144.22 (6.18) 12.05 (4.52) 43.91 (10.88)
AT1 17 15.7 (0.03) 179.99 (1.05) 10.15 (0.23) 60.68 (1.68)
AT2 36 15.6 (0.05) 180.71 (2.52) 9.5 (0.56) 49.32 (3.68)
AT3 35 15.64 (0.22) 176.28 (1.96) 11.06 (0.71) 39.53 (3.26)
AT4 1 15.85 (0) 179.57 (0) 12.81 (0) 22.13 (0)
AT5 13 15.59 (0.03) 180.02 (1.36) 14.03 (0.45) 30.89 (1.09)
AT6 15 15.38 (0.1) 181.92 (1.86) 15.42 (0.69) 32.71 (2.15)
AT7 9 15.52 (0.1) 167.03 (4.33) 8.77 (0.51) 44.69 (3.71)
AT8 4 16.44 (0.12) 177.47 (0.93) 12.08 (0.45) 41.07 (2.05)
AT9 4 16.89 (0.52) 177.37 (1.03) 11.62 (0.16) 35.76 (0.67)
Total 134 15.66 (0.31) 178.41 (4.23) 11.21 (2.12) 43.39 (9.66)
WT1 48 11.8 (0.06) 147.23 (0.79) 47.03 (3.28) 10.95 (0.75)
WT2 4 12.54 (0.11) 127.46 (4.35) 2.54 (1.64) 8.22 (0.74)
WT3 3 12.45 (0.15) 134.12 (2.17) 12.29 (11.9) 11.6 (0.81)
WT4 33 12.75 (0.21) 140.11 (2) 13.23 (2.29) 10.58 (0.83)
WT5 7 12.58 (0.15) 138.1 (2.53) 14.63 (1.98) 7.15 (0.35)
WT6 32 12.71 (0.15) 139.09 (1.47) 12.64 (1.75) 8.56 (0.49)
WT7 6 12.47 (0.07) 146.07 (4.84) 8.04 (0.89) 13.47 (1.54)
WT8 1 12.77 (0) 118.7 (0) 0.21 (0) 11.91 (0)
Total 134 12.37 (0.45) 141.9 (5.43) 10.14 (1.61) 24.6 (17.22)
SP1 1 17.88 (0) 156.7 (0) 19.59 (0) 39.43 (0)
SP2 22 18 (0.07) 157.64 (0.5) 17.75 (1.27) 35.2 (1.48)
SP3 14 18.2 (0.09) 159.43 (0.44) 18.5 (0.61) 31.56 (0.8)
SP4 11 18.39 (0.1) 162.98 (1.04) 19.45 (0.42) 28.67 (1.05)
SP5 14 19.47 (0.38) 155.25 (1.54) 17.32 (1.53) 22.64 (1.31)
SP6 3 19.93 (0.43) 158.71 (2.62) 23.19 (1.2) 19.42 (0.26)
SP7 1 19.77 (0) 158.57 (0) 24.94 (0) 21.06 (0)
Total 66 18.53 (0.69) 158.45 (2.67) 18.48 (1.86) 29.81 (5.54)
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Cluster n Temperature 
(°C)
Specific conductance
 (μS/cm)
Chlorophyll fluorescence 
(relative fluorescence units)
Light transmittance 
(%)
SP8 8 21 (0.09) 152.87 (1.9) 9.49 (0.93) 44.96 (1.81)
SP9 11 21.22 (0.17) 156.28 (0.56) 11.74 (1.25) 41.17 (2.44)
SP10 2 21.6 (0.26) 158.33 (0.24) 9.3 (0.08) 38.33 (1.12)
SP11 28 22.44 (0.21) 159.9 (1.08) 13.76 (2.32) 34.03 (2.26)
SP12 10 21.93 (0.12) 160.09 (0.35) 14.02 (1.16) 27.15 (1.44)
SP13 22 22.39 (0.14) 161.54 (1.31) 19.17 (1.83) 27.41 (2.99)
SP14 1 23.06 (0) 165.52 (0) 30.95 (0) 20.4 (0)
SP15 3 22.68 (0.18) 162.59 (0.41) 26.65 (1.73) 22.83 (0.48)
SP16 1 23.24 (0) 181.64 (0) 31.38 (0) 19.72 (0)
Total 87 22.08 (0.59) 159.6 (3.79) 15.27 (4.9) 32.85 (6.92)
Table 3. cont.
section of river grouped away from most of those up-
stream (Fig. 10), apparently due to increasing fl uores-
cence (Fig. 6), and occasionally due to higher specifi c 
conductivity at river reach 140 km during summer (see 
group SM12 in Fig. 10). The upstream extent of tidal in-
fl uence on groups appeared to vary with fl ow conditions, 
and during low autumn fl ows two sites at the downstream 
end of the fl uvial section aligned more closely with tidally 
infl uenced river reaches (Fig. 10). This indicates that the 
effect on water quality of the upstream amplitude of the 
tidal cycle is likely to vary between seasons and in re-
sponse to fl ow conditions upstream. During high winter 
fl ows, however, there appears to be little effect of the tidal 
cycle on water quality measurements at the downstream 
end of the surveyed section of river, 140 km from Kara-
piro dam. Higher water temperatures were evident imme-
diately downstream of Huntly at low fl ows (Fig. 10) and 
subsequently these reaches were characterised as signifi -
cant groups in CLUSTER analyses (Fig. 9). Conversely, 
tributaries appeared to contribute cooler water to the main 
stem during summer and autumn (Fig. 6c).
Cluster groups above the Waipa confl uence were most 
closely related to each other than they were to those below 
and were unique to that part of the river based on the an-
nual average (Fig. 8a), a pattern generally supported in 
each season (Fig. 9). SIMPER analyses indicated that 
clusters of river reaches above the Waipa River could gen-
erally be distinguished from those immediately below, as 
they were associated with higher water clarity and spe-
cifi c conductivity (Table 2; Table 3). However, at lower 
autumn fl ows some clusters downstream of the Waipa 
were also closely related to those above, and some water 
quality reach types occurred both above and below the 
Waipa confl uence (Fig. 8b). This was most apparent when 
the Waipa contributed a relatively small volume to the 
main stem fl ow. At this time reaches immediately down-
stream of the confl uence belonged to a distinct cluster 
group, and the dominant cluster type from above the con-
fl uence reappeared further downstream. Conversely, dur-
ing winter and spring when fl ows from the Waipa were 
high, groups above the confl uence did not persist down-
stream (Figs. 9c, d). 
Cluster groupings were often present downstream of 
tributary confl uences, most notably the Waipa (driven by 
low water clarity and specifi c conductance as described 
above), but also for smaller tributaries such as the Manga-
wara Stream (Fig. 9). Tributary confl uences other than the 
Waipa tended to belong to groups characterised by in-
creased chlorophyll fl uorescence and conductivity (Figs. 
6 and 9). Unique groups did exist in the tidal freshwater 
section of the lower river, generally refl ecting higher fl uo-
rescence measurements, and the upstream extent of 
groups unique to the tidally infl uenced region was great-
est at low autumn fl ows. 
Fig. 9. Dendrogram and spatial arrangement of signifi cant 
groups identifi ed by PRIMER SIMPROF and CLUSTER rou-
tines for surface water quality measurements collected using 
the Biofi sh during (a) Summer (March 2010), (b) Autumn 
(May 2010), (c) Winter (August 2010) and (d) Spring (No-
vember/December 2010, separated by black line). Dotted red 
lines represent locations of major tributaries to the lower 
Waikato River.
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Fig. 10. Principal coordinates ordination of two most important 
axes of water quality measurements collected using the Biofi sh 
during (a) March, (b) May, (c) August, and the two spring sur-
veys (d) November, and (e) December. Symbols denote groups 
identifi ed by SIMPROF analyses (up to 12). Inserts represent 
vector diagrams of Spearman correlation coeffi cients (arrows) 
for water clarity (Trans), specifi c conductance (SpCond), chlo-
rophyll fl uorescence (Flou) and water temperature (Temp).
eschweizerbart_xxx
16   Michael A. Pingram et al.
Discussion
Defi nition of spatial units
Multivariate statistical approaches are useful for inter-
preting and evaluating complex datasets (Varol et al. 
2011), and were successful in our study for discriminating 
spatial units with similar environmental character along 
the lower Waikato River. Using this framework to analyse 
high intensity data from physical measurements of 1-km 
long polygons and from sensor arrays measuring seasonal 
water quality every 25 seconds resolved 7 or 11 spatial 
units, respectively. Water quality patterns were repre-
sented by differences in clarity, chlorophyll fl uorescence 
and specifi c conductance driven by tributary infl ows in 
the mid-section of the river and tidal cycles in the lower 
section. The identifi ed water quality patterns support 
those documented by previous measurements of turbidity 
and concentrations of nitrogen, phosphorus, water col-
umn chlorophyll a and dissolved colour (Vant 2010), and 
also patterns in phytoplankton biomass observed by Lam 
(1981) which peaked in the tidal freshwater section of the 
river and decreased immediately below the Waipa River. 
Patterns of channel character were largely shaped by the 
depth and lateral complexity of constituent river reaches, 
with boundaries partly refl ecting geomorphic features 
constraining the main channel (e.g., Taupiri Gap). How-
ever, longitudinal changes in environmental pattern were 
not necessarily abrupt and some refl ected a transition in 
geomorphology or, for water quality, prevailing fl ow con-
ditions. Tributary infl ows to the lower Waikato River also 
tend to be enriched in nutrients and sediment from the sur-
rounding agricultural catchment, especially those drain-
ing lakes which tend to be highly eutrophic and can drive 
localised patterns in main stem chlorophyll a (Hamilton et 
al. 2010).
Large rivers provide an interface with coastal environ-
ments and are therefore strongly infl uenced by tidal fl uc-
tuations in their lower reaches, adding hydrological com-
plexity that can affect both the morphology of the river 
channel and biological production (Ensign et al. 2012). 
These sections of river, where water fl ow is affected by 
the tidal cycle but remains fresh, can extend upstream for 
tens to hundreds of kilometres (e.g. Howarth et al. 1996). 
Similar to studies of smaller coastal rivers (Ensign et al. 
2012), a signifi cant divergence in river morphology began 
around one- third of the way into the tidally infl uenced 
freshwater section. Moreover, fl ood control works and 
channel modifi cation in the lower Waikato River may 
have led to an increase in the upstream extent of the tidal 
infl uence by around 10 km, with historical tidal infl uence 
previously closer to the delta (Van Kampen 2010). The 
effect of tidal cycles was evident on the freshwater section 
of the lower Waikato River, both in terms of physical 
complexity and water quality measurements, with greater 
river width, depth and shoreline complexity, and elevated 
seasonal mean chlorophyll fl uorescence indicating greater 
phytoplankton abundance. Phytoplankton biomass is 
strongly dependent on fl uvial discharge and the residence 
time available for community development in tidally in-
fl uenced freshwater sections of rivers (Neal et al. 2006). 
High biomass often occurs at low fl ows (Bennett et al. 
1986) when water travel times can be many times greater 
than in non-tidal river sections (Ensign et al. 2012). Pro-
duction is also closely linked to channel form, with broad 
channels and extensive shallow lateral areas, such as 
those in the delta, providing favourable light and fl ow re-
tention conditions for algal growth (Bukaveckas et al. 
2011a), which in turn can enhance zooplankton growth in 
tidal systems (Müller-Solger et al. 2002). These fi ndings 
highlight interactions between hydrology, water quality 
and the physical structure of channels in tidal river sec-
tions, supporting their identifi cation as discrete spatial 
units for management. Boundaries between strictly fl uvial 
and tidal freshwater sections are likely to be transitional, 
variable and sometimes indistinct due to the nature and 
strength of daily tidal cycles, and fl ow conditions.
Although seasonal averages were used to defi ne spa-
tial units based on water quality measurements, the 
number of units and location of boundaries differed be-
tween seasons. Substantial increases in sediment loads 
supplied by major tributaries may occur with seasonal 
high fl ows, while high fl ows in the main channel can also 
overwhelm the contributions of smaller tributaries (Boyer 
et al. 2010). Water temperature also plays an important 
role in primary production, with increased seasonal tem-
perature and light availability linked to elevated rates of 
photosynthesis, respiration and metabolism in other large 
lowland rivers (Descy et al. 1987). In our study and that of 
Lam (1981), measurements of phytoplankton biomass 
(chlorophyll fl uorescence in our study) were recorded 
during summer and spring when water temperatures were 
warmest, particularly in the tidal freshwater zone. The 
discontinuity between the river sections dominated by 
clear, dam-fed water of the Waikato River and the Waipa 
River, which contributes signifi cant amounts of fl ow and 
sediment at high fl ows (Brown 2010), was most distinct 
during winter and spring (high fl ows) and less so during 
summer and autumn (low fl ows). High river fl ows in the 
main channel can also have a dampening effect on tidal 
cycles and upstream extent of saline intrusion into fresh-
water sections of lowland rivers (Anderson & Lockaby 
2012). Tidal cycle fl uctuations at Tuakau (Fig. 1a) were 
greatest during months of lower fl uvial fl ows (Fig. 1d), 
and this is refl ected in the transition from fl uvial to tidal 
water quality reach types being shortest and furthest up-
stream during summer and autumn (Fig. 9). Conversely 
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during high winter fl ows a transition was undetectable 
and daily water level fl uctuations were also small (Fig. 
1d). 
The identifi ed channel units correspond to some extent 
to known variations in biological patterns within the 
lower river. Collier et al. (2014) reported an abrupt de-
crease in benthic macroinvertebrate biodiversity at Huntly 
downstream of the geomorphic channel constriction at 
Taupiri, and hypothesised that this refl ected deposition of 
sediment delivered to the main channel from the Waipa 
River. Increases in suspended sediment are also likely to 
affect downstream food webs (Henley et al. 2000), and it 
has been suggested that lower invertebrate densities be-
low the Waipa confl uence during winter and spring may 
be a result of less suitable fl ow and growth conditions 
(Collier et al. 2011), while the growth and food assimila-
tion of key primary consumers in the lower Waikato 
River, such as Potamopyrgus antipodarium, can be ad-
versely affected by high sediment to food ratios (Broekhu-
izen et al. 2001). Similarly, changes in stable isotope sig-
natures and differences in carbon utilisation by aquatic 
biota have been observed between sites from different 
sections of the lower Waikato River (i.e. fl uvial reaches 
above the Waipa confl uence, those below, and tidal fresh-
water reaches) (Pingram et al. 2014). Littoral macroinver-
tebrate communities have also been reported to respond to 
localised effects of organic matter, sediment and thermal 
discharges but not to clinal gradients, suggesting that 
physical heterogeneity of river edges is not a key factor 
structuring community composition (Collier et al. 2014). 
Physical channel complexity may be more relevant for 
riverine fi sh which use lateral habitats during various life-
cycle stages (Górski et al. 2014), and as lateral habitats 
can represent a key location for carbon transfer through 
food webs (Pingram et al. 2014). Laterally complex river 
zones are likely to have a greater array of habitats where 
abiotic characteristics and biotic function are driven by 
the frequency, magnitude and duration of main channel 
fl ow and fl ood pulses (Schiemer & Hein 2007; Thorp et 
al. 2008). Reduced fl ow velocities and increased water re-
tention in these habitats are important factors in the 
processing of nutrients and organic carbon by plankton 
before transfer to other parts of the food web (Schiemer et 
al. 2001; Górski et al. 2013). Smaller retention zones can 
be created by changes in shoreline confi guration, with in-
creasing shoreline complexity (e.g., length, sinuosity) 
leading to reduced current velocities and longer retention 
times that benefi t some littoral organisms (Schiemer et al. 
2001; Schiemer & Hein 2007).
Role of discontinuities
Our Waikato River case study has highlighted the impor-
tance of network, geomorphic and anthropogenic discon-
tinuities to the spatial structure of river sections. While 
geomorphic constrictions defi ned the boundaries of some 
physical units, adjoining tributaries from the wider river 
network often interrupted broader spatial patterns of wa-
ter quality units and in one instance defi ned a boundary in 
the main stem between reaches above and below the trib-
utary infl ow. Tributary junctions can create additional 
complexity in the main river, with a complex range of as-
sociated effects on woody debris abundance, substrate 
heterogeneity, consumer abundance, water volume, nutri-
ent availability, sediment loading, and bed particle shape 
and size that can in turn create nodes of high habitat com-
plexity, biological diversity and productivity (Kiffney et 
al. 2006; Rice et al. 2006; Rosales et al. 2007). The rela-
tive impact and extent of discontinuities and complexity 
in the main river caused by tributary junctions will de-
pend on temporal and spatial fl ow variability. For exam-
ple, the distribution and intensity of rainfall in the catch-
ments of large tributaries can mediate the delivery of 
sediment, allochthonous carbon sources and woody de-
bris to rivers (Rice et al. 2006). 
In our study there was a clear discontinuity between 
river reaches above and below the confl uence of the larg-
est tributary, the 5th order Waipa River, for all water qual-
ity measurements taken, particularly at high fl ows (winter 
and spring). Depending on the relative fl ow conditions in 
the main stem, minor discontinuities were also apparent 
around smaller tributaries, usually denoted by increased 
chlorophyll fl uorescence or specifi c conductivity. Lake- 
and wetland-fed tributaries in particular tended to have 
localised positive effects on phytoplankton biomass in the 
main stem, while the Waipa tended to reduce chlorophyll 
fl uorescence. The differential effects of tributaries on 
main stems, dependent on donor concentrations of algae 
and magnitude of fl ow, have also been noted by other 
workers in terms of positive (Bukaveckas et al. 2011b) or 
negative (Descy et al. 1987; Bukaveckas et al. 2011b) ef-
fects on main stem phytoplankton biomass. The down-
stream extent of tributary infl uence on water quality will 
likely depend on fl ow volumes and velocities of both the 
contributing source and the receiving main channel (Rice 
et al. 2008). Direct human infl uences were also noted 
around a thermal discharge (at Huntly; Fig. 1a), which 
measurably increased water temperature, leading to a dis-
tinct group of reaches immediately downstream of the 
discharge. However, these smaller network and anthropo-
genic discontinuities did not have an over-riding effect on 
spatial clustering, and reaches further downstream tended 
to belong to the predominant group upstream of the minor 
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discontinuity. Such localised changes can be considered 
as ‘noise’ within a given river ‘link’, as defi ned by Rice et 
al. (2001), since they do not lead to a signifi cant shift in 
main stem character. Nevertheless, major discontinuities 
caused by signifi cant tributary contributions of fl ow and 
sediment can signifi cantly affect spatial patterns of bio-
logical communities (Collier et al. 2014).
Large dams also represent signifi cant discontinuities 
along large rivers, leading to marked downstream changes 
in ecosystem function, including reduced fl ow pulses and 
transported sediments, increased channel incision leading 
to disconnection of lateral habitats, changes in water tem-
perature and releases of lake-derived plankton (Ward & 
Stanford 1983; Górski et al. 2011). Moreover, fl uctuations 
as a result of diurnal hydro-power generation can have 
impacts on the species richness, abundance and behaviour 
of macroinvertebrates and fi sh (Bunn & Arthington 2002). 
The rate of downstream recovery from these effects will 
be dependent on the magnitude of regulation (Cortez et al. 
2012) and the presence of large unregulated downstream 
tributaries (Stanford & Ward 2001), such as the Waipa 
River in this study. Flow variability above the Waipa con-
fl uence is regulated by the dam at Karapiro (Fig. 1b) and 
high water clarity partly refl ects the retention of sus-
pended solids in the series of eight upstream hydro lakes, 
which has also led to increased bed incision downstream, 
although the river channel maintains its natural shape 
(Hicks & Hill 2010). 
Conclusions
Multivariate statistical approaches and geographic tools 
provided a powerful means for condensing our spatially 
intensive dataset and guided identifi cation of river units 
for future ecological management and research. Channel 
units were distinguished by both riverscape features and 
physico-chemical parameters which did not necessarily 
align and sometimes had indistinct boundaries. Lateral 
channel complexity and depth played an important role in 
shaping physical patterns, while features such as large 
tributaries and tidal infl uences had substantial roles in 
shaping water quality patterns. The boundaries of poten-
tial zones may have been different in the past and could 
change again as a result of improvements to current land 
management practices or rising sea levels. As aerial and 
high resolution satellite photos become more widely 
available during different seasons and fl ow conditions, 
further analyses could be conducted to quantify temporal 
variability in physical complexity metrics, as recom-
mended by the authors of the RCCR (O’Neill & Thorp 
2011). Our results can also be seen in the context of a de-
veloped river whereby the anthropogenic impacts such as 
large dams (increased water clarity and incision), thermal 
power stations (heated discharges), and land clearance for 
pastoral grazing (increased suspended sediments and hy-
drological extremes) can affect the ecological integrity of 
a fl uvial system and the composition of contemporary 
management units. Management objectives should refl ect 
the dynamic spatial and temporal nature of rivers (Elosegi 
et al. 2010) which can create fuzzy or shifting boundaries 
between hydrogeomorphic units. The scale of potential 
units identifi ed in this case study, generally more than 
several kilometres in length, is relevant for management 
because these units integrate an ecologically meaningful 
combination of properties likely to shape ecosystem proc-
esses such as energy transfer in food webs. Given that ac-
tions and targets may differ between physical channel and 
water quality management, spatial units (reach types) 
identifi ed for each of these do not necessarily need to di-
rectly coincide from a management or research perspec-
tive, although both should be considered in decision mak-
ing and experimental design. 
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